Purpose: To evaluate the impact of renal chimney grafts on anatomical suitability for endovascular aneurysm repair (EVAR) in ruptured abdominal aortic aneurysm (rAAA). Methods: Contrast-enhanced computed tomography images of 206 patients with rAAA [175 men (mean age 75±7.8 years) and 31 women (mean age of 76±7.5 years)] were evaluated in a dedicated 3-dimensional vascular workstation. Assessment of infrarenal EVAR suitability was based on predefined anatomical variables reflecting the Instructions for Use of commercially available stent-grafts. In patients where aneurysm neck length was the only limiting factor for suitability, reevaluation of the proximal sealing zone was done, accounting for chimney grafts in one or both renal arteries. Results: Seventy (34%) rAAA patients were anatomically suitable for EVAR: 65 (37%) of 175 men and 5 (16%) of 31 women (p<0.01). Eighty-nine (65%) of the 136 unsuitable patients had aneurysm necks <15 mm long; short neck was the only exclusion criterion in 33 (24%) cases. In the 33 short-necked aneurysms without other limiting factors, a proximal sealing zone >15 mm could potentially be achieved with one or two renal chimney grafts in 12 (36%) and 25 (76%) patients, respectively, increasing overall suitability to 40% and 46%. If access issues could also be solved and a similar strategy with chimneys for the renal arteries was applied, the EVAR suitability would increase further to 58%. Conclusion: Roughly one third of patients with rAAA are anatomically suitable for EVAR; short aneurysm neck is the most common exclusion criteria. In appropriate cases, chimney grafts in one or both renal arteries may increase overall suitability by 12%. Suitability increases to ~60% when iliac access issues are additionally overcome.
Introduction
Endovascular aneurysm repair (EVAR) has become the treatment of choice for abdominal aortic aneurysm (AAA) in the majority of vascular surgery units. In patients where a durable proximal seal cannot be achieved due to short aneurysm necks, fenestrated devices are now commercially available to extend the sealing zone by incorporating the visceral vessels in the repair. A major drawback is the complexity of the fenestrated design, which requires each device be custommade to fit the anatomy of the individual patient. Planning and delivery often exceeds 6 weeks, making these grafts unavailable in acute situations. In 2003, Greenberg et al 1 introduced the concept of visceral debranching by placing stents in visceral vessels that run parallel and outside of the most proximal part of the aortic stent-graft. The goal is to extend the proximal sealing zone, allowing aneurysm exclusion in short-necked AAAs without compromising blood flow to vital organs (Figure 1 ). This technique is now considered of value in patients with challenging aneurysm neck morphology where the use of customized devices is not an option, that is, in emergency settings. This study explores the impact of renal chimney grafts on anatomical suitability for EVAR in ruptured abdominal aortic aneurysm (rAAA).
Methods
Our clinic's prospectively maintained database was interrogated to identify all patients diagnosed with rAAA from January 2006 until June 2013 who had high-quality, contrastenhanced, thin-slice (0.5-3 mm) computed tomography (CT) scans of acceptable quality for generating centerline-of-flow (CLF) reconstructions. Among the 248 rAAA patients evaluated in the 6.5-year period, 206 (83%) patients [175 men (mean age 75±7.8 years) and 31 women (mean age of 76±7.5 years)] had CT scans suitable for CLF reconstructions. The majority (130, 63%) of the rAAA were infrarenal; 66 (32%) were juxtarenal (no healthy aorta between aneurysm and renal arteries), and 10 (5%) were suprarenal (splanchnic and/ or renal arterial involvement).
CLF reconstructions were generated on a dedicated vascular 3-dimensional workstation (AquariusWS; TeraRecon, Foster City, CA, USA) to measure AAA neck dimensions and distances between the visceral vessels. The proximal aortic aneurysm neck was defined as the aortic segment extending from the most caudal main renal artery to the onset of the aneurysm. When no clear transition between the aortic neck and aneurysm sac could be defined, the caudal aspect of the neck was considered the point where the outer diameter reached 32 mm. Neck diameter was measured from axial views as the outer wall to outer wall distance perpendicular to the maximal ellipse on the first transverse CT slice directly distal to the lowermost renal artery. Additionally, aortic diameters at the level of the superior mesenteric artery (SMA) and the celiac trunk were measured for assessment of chimney suitability. Aneurysm diameter was defined as the aortic diameter perpendicular to the maximal ellipse at the widest point on the axial CT scans.
The suprarenal angle was defined as the angle between the flow axis of the suprarenal aorta and the infrarenal neck; the infrarenal angle was the angle between the flow axis of the infrarenal neck and the body of the aneurysm. Each angle measurement was done with digital calipers and recorded as the higher value obtained on either the anteroposterior or lateral view reconstruction.
Iliac attachment sites (common or external iliac artery) were measured as the outer wall to outer wall diameters and the smallest iliac diameters as the narrowest inner wall to inner wall lumen from the inferior epigastric artery to the aortic bifurcation. Aneurysm classification was done according to the reporting standards for endovascular aortic aneurysm repair. 2 Assessment of infrarenal EVAR suitability was based on predefined anatomical variables reflecting the Instruction of Use (IFUs) for commercially available stentgraft devices: neck diameter 18 to 32 mm, neck length ≥15 mm, suprarenal angle ≤45°, infrarenal angle ≤60°, iliac attachment sites 8 to 25 mm, and smallest iliac diameter 6 mm. When infrarenal EVAR suitability could not be achieved due to short aneurysm necks only, the sealing zone was extended proximally by accounting for a chimney graft in (1) the most distal renal artery and (2) both renal arteries. When 2 or more renal arteries were present on either side, only the main (largest diameter) artery was considered for a chimney. An acceptable sealing zone with a chimney graft was defined as being ≥15 mm long, up to 30 mm in diameter, and not compromising the SMA takeoff. A chimney graft was not considered an option when supra-or infrarenal angulations were outside of the IFU recommendations. 
Statistical Analysis
Measurements are presented as mean ± standard deviation. One-way analysis of variance was used to evaluate length, diameter, and angulation measurements. The chi-square test was used to compare proportions. Statistical analysis was done in SPSS (version 20.0; IBM Corporation, Armonk, NY, USA); p<0.05 was considered the threshold of statistical significance.
Results
Details of aneurysm morphology and morphological differences between genders are given in Table 1 . In sum, women had smaller AAA diameters on rupture, with larger suprarenal angulation and smaller iliac access vessels (all p<0.01 vs. men).
Seventy (34%) patients were suitable for EVAR: 65 (37%) of 175 men and 5 (16%) of 31 women (p<0.01). There were 32 different combinations of exclusion criteria, of which neck morphology accounted for 67%, iliac morphology 10%, and combinations of these 23% ( Table 2) . Eighty-nine (65%) of the 136 unsuitable patients had aneurysm necks <15 mm long; a short neck was the only exclusion criterion in 33 (24%) cases. Other anatomical factors, such as large neck diameter, severe neck angulation, or access-related issues accounted for the remaining exclusion criteria. In the 33 short-necked aneurysms where no other exclusion criterion was present, a proximal sealing zone >15 mm could potentially be achieved with 1 or 2 renal chimney grafts in 12 (36%) and 25 (76%) patients, respectively, increasing overall suitability to 40% and 46% ( Figure  2 ). In 45% of patients, EVAR was inapplicable based solely on access-related issues (9%), solely on short necks (24%), or a combination of these (12%). Thus, suitability could be increased further to 58% if both short necks and iliac access issues were addressed.
Discussion
Endovascular aneurysm repair is proven to have a marked benefit with respect to early operative morbidity and mortality compared to open surgery in nonruptured AAA. 3, 4 The results of EVAR of rAAAs are still controversial, with several series reporting very good results even with very high inclusion rates, 5,6 while randomized control trials have failed to show the same results. 7 Specific anatomical requirements must be fulfilled to guide patient selection as each endovascular device has certain technical limitations that may compromise the durability of the repair. Recent studies indicate that anatomical suitability for EVAR in nonruptured aneurysm may be as low as 50% based on the strictest IFU recommendations for currently available stent-graft devices. 8 However, there is a consistent trend toward newer devices outperforming their predecessors by accepting narrower access vessels and more extreme neck angulations, which may increase suitability further in the future. Still, the most common factor for EVAR unsuitability is an unfavorable aneurysm neck, where the hostile neck morphology can prevent safe and durable apposition of the graft in the proximal sealing zone. 9, 10 In order to offer patients with hostile neck morphology the positive benefits of EVAR, fenestrated devices are now commercially available. In fenestrated endovascular repair, the proximal sealing zone of the graft is moved cranially to a healthier portion of the aorta, and blood flow to visceral vessels is secured through fenestrations in the graft fabric. Each fenestrated device is custom-made for the individual patient with an average time for planning and delivery exceeding 6 weeks, making it unavailable in the acute setting. An off-the-shelf fenestrated graft is desirable, and at least one such device is under clinical investigation with promising early results. 11 Until these grafts become available, other solutions are needed to allow EVAR in the acute setting. Case reports and small patient series indicate clinical value and feasibility of the chimney techniques where other endovascular options are not available. A recent systematic review of the literature by Wilson et al 12 showed good technical success in 176 procedures for juxtarenal AAAs, with high target vessel patency at 6 months (97.7%) and a 30-day mortality of 3.4%. The majority (90%) of cases were elective procedures and may not reflect the technical success or mortality in the emergency setting. In a more recent 41-patient single-center study, Scali et al 13 achieved a high level of technical success, but major postoperative complications occurred in 20% of cases with 30-day mortality of 5%.
Comparison of the chimney and fenestrated graft techniques is still limited and biased by the fact that the number of visceral vessels incorporated in the repair is significantly fewer when using chimneys. Although short-term results on a small number of patients have been reported to be similar between these techniques, 14, 15 long-term durability is still unknown, but the fenestrated devices seem to be associated with a lower endoleak incidence. 16 The difficulties of EVAR in rAAA are accentuated by the differences in anatomical suitability for EVAR in rAAA and non-ruptured aneurysms. These are mainly because of more complex aneurysm neck morphology, with previous reports deeming up to three fourths of rAAA patients unsuitable for EVAR by neck criteria only. 17 Our study confirms these findings with 66% of patients being unsuitable for standard infrarenal EVAR, the vast majority of them due to aneurysm neck morphology (length, diameter, angulation) beyond the current IFUs. This differs significantly from EVAR suitability in an unselected nonruptured cohort of aneurysm patients, where suitability is close to 50% and neck morphology is the excluding factor in 58% to 77%. 8 In our analysis, unsuitability for EVAR was based solely on short aneurysm neck in 24% of patients. In the majority (76%) of these, a proximal seal >15 mm could theoretically be achieved by using chimney grafts in one or both renal arteries, raising the suitability to 46%. The remaining patients had other anatomical restrictions, such as too wide or angled aneurysm necks or poor iliac access (often in combination with short necks). In the present study, we chose to focus on anatomical feasibility of the chimney technique to extend the sealing zone while preserving renal perfusion. The simultaneous use of chimneys in the SMA and celiac trunk was not considered because increasing the number of chimneys has the potential of risking the seal due to gutters (Larzon, personal communication). In the clinical setting, most of the access-related problems can be solved with preoperative or intraoperative adjunctive maneuvers, such as angioplasty and/or stenting and the use of endovascular or surgical conduits. In total, not quite half of excluded patients had access-related issues and/or short necks. If we assume for the sake of this study that inadequate access could always be overcome, overall suitability should be closer to 60%. In other words, there would still be a need for even more complex endovascular techniques or open repair in 40% of the AAA ruptures.
Limitations
There is a bias in subject selection since only patients with good quality CT scans were included. However, this large series of patients with a high proportion of CTs suitable for study inclusion reflects our clinical practice of performing contrast-enhanced CT whenever feasible in this patient group; this aggressive attitude does not restrict or impede their management in our experience.
While the use of double chimneys for both renal arteries could extend the applicability of EVAR in rAAA, it could nevertheless predispose to a higher risk of gutters that may compromise the proximal seal and the success of the treatment. In these situations, open repair or EVAR with a single renal artery chimney and coverage of the other renal must be considered.
Conclusion
Anatomical suitability for EVAR in rAAA is poor, mainly due to challenging aneurysm neck morphology. By using renal chimney grafts in appropriate cases, suitability may increase to 46%, while also dealing with iliac access issues may raise suitability to ~60%.
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